Introduction
During mitosis, kinetochores attach to assembling and disas sembling microtubule tips while withstanding tensile forces from the mitotic spindle (Skibbens et al., 1993 (Skibbens et al., , 1995 Maddox et al., 2003) . Kinetochores are able to harness energy from these disassembling microtubule tips to drive movement of chromosomes (for a review see Inoué and Salmon, 1995) . Understanding how the kinetochore establishes microtubule attachments under force requires understanding the organi zation of the kinetochore components and how they bear and transmit load. Recent studies investigated the spatial organiza tion of kinetochore components in vivo and how their arrange ment changes throughout mitosis Wan et al., 2009) . Through systematic reconstitution of kineto chore components, we are pursuing a complementary ap proach with the ultimate goal of mapping the transmission of force across the kinetochore from the dynamic microtubule to the centromere. In this study, we focus on the kinetochoremicrotubule interface.
The kinetochores of all eukaryotes contain multiple microtubulebinding elements. The KMN network (KNL1, Mis12 complex, and Ndc80 complex) and the Ska1 complex both bind microtubules in higher eukaryotic cells (Cheeseman et al., 2006; Gaitanos et al., 2009; Welburn et al., 2009) . Yeast also contain the KMN network and the Dam1 complex, possibly the functional homologue of the Ska1 complex (Hanisch et al., 2006; Gaitanos et al., 2009; Raaijmakers et al., 2009; Welburn et al., 2009 ). Cooperation of the three components of the con served KMN network was shown by cosedimentation with taxolstabilized microtubules (Cheeseman et al., 2006) , but how or whether any of the microtubulebinding components co operate to achieve attachment to dynamic microtubules is un known. We show for the first time that cooperation between two T he coupling of kinetochores to dynamic spindle microtubules is crucial for chromosome positioning and segregation, error correction, and cell cycle progression. How these fundamental attachments are made and persist under tensile forces from the spindle remain important questions. As microtubule-binding elements, the budding yeast Ndc80 and Dam1 kinetochore complexes are essential and not redundant, but their distinct contributions are unknown. In this study, we show that the Dam1 complex is a processivity factor for the Ndc80 complex, enhancing the ability of the Ndc80 complex to form load-bearing attachments to and track with dynamic microtubule tips in vitro. Moreover, the interaction between the Ndc80 and Dam1 complexes is abolished when the Dam1 complex is phosphorylated by the yeast aurora B kinase Ipl1. This provides evidence for a mechanism by which aurora B resets aberrant kinetochoremicrotubule attachments. We propose that the action of the Dam1 complex as a processivity factor in kinetochoremicrotubule attachment is regulated by conserved signals for error correction.
Cooperation of the Dam1 and Ndc80 kinetochore complexes enhances microtubule coupling and is regulated by aurora B Tamir Gonen, 1,3 Charles L. Asbury, 2 and Trisha N. Davis in kinetochore-microtubule coupling. Using techniques for track ing and manipulating single molecules in vitro, we demonstrate directly an interaction between the Ndc80 and Dam1 complexes on microtubules. Through this interaction, the Dam1 complex enhances the ability of the Ndc80 complex to maintain attach ment to dynamic microtubule tips even in the presence of exter nal load. Finally, this interaction is regulated by Ipl1, further defining the mechanism for aurora B-mediated corrective de tachment in vivo.
Results

The Dam1 and Ndc80 complexes interact on microtubules
We expressed recombinant Saccharomyces cerevisiae Ndc80 and Dam1 complexes in Escherichia coli and purified each complex by affinity chromatography and gel filtration (Wei et al., 2005; Gestaut et al., 2008; Powers et al., 2009) . By veloc ity sedimentation analysis, we found weak interaction between the Ndc80 and Dam1 complexes free in solution (Fig. S1 ). Using total internal reflection fluorescence (TIRF) microscopy, we quantified the interaction of GFPtagged Ndc80 complexes with microtubules in the presence and absence of Dam1 com plex (Fig. 1 ). In the absence of Dam1 complex, individual Ndc80 complexes formed transient and diffusive attachments to micro tubules, as reported previously (Powers et al., 2009) . We mea sured a dissociation rate constant (k off ) of 0.44 ± 0.03 s 1 , an association rate constant (k on ) of 0.60 ± 0.02 µM 1 × s
1
, and a diffusion constant of 0.067 ± 0.003 µm 2 × s 1 (Fig. 1 , C-E), which are values comparable with our previous study (Powers et al., 2009) . We also simultaneously visualized GFPtagged Ndc80 complexes and mCherrytagged Dam1 complexes on microtubules. At concentrations affording single molecule reso lution of each complex, interaction events were rare. When the two complexes did associate with each other, they appeared to diffuse more slowly (Fig. S2) . However, interaction events be tween individual Ndc80 and Dam1 complexes were too infre quent to affect population behavior. To increase the frequency of interactions, we raised the concentration of Dam1 complex while maintaining low concentrations (10 pM) of the Ndc80 complex. Overall, Ndc80 complex transitioned gradually to a more persistent and more slowly diffusing behavior as the con centration of Dam1 complex was increased (Fig. 1, C-E) . At 500 pM Dam1 complex, the Ndc80 complex dissociated two fold more slowly from the microtubule (k off = 0.23 ± 0.02 s 1 ) and associated 1.6fold faster onto the microtubule (k on = 0.99 ± 0.02 µM 1 × s 1 ) as compared with the Ndc80 complex alone. This corresponds to a threefold decrease in the apparent equilib rium dissociation constant, K d = k off × k on 1 (0.74 ± 0.06 to 0.23 ± 0.02 µM). At 500 pM Dam1 complex, the Ndc80 complex also diffused fivefold more slowly (0.013 ± 0.0006 µm 2 × s 1 ) as compared with Ndc80 complex alone. The Dam1 complex was unlikely to be acting as a simple barrier to diffusional mo tility, as the diffusive behavior of the Ndc80 complex was un changed in the presence of phosphorylated Dam1 complex at the same lattice density (see Ipl1 phosphorylation regulates...). The brightness distribution of the GFP signal remained unchanged kinetochore subcomplexes enhances processive, loadbearing coupling to dynamic microtubule tips.
In the budding yeast kinetochore, all four proteins of the Ndc80 complex and all 10 proteins of the Dam1 complex are essential (Tanaka and Desai, 2008) . In vitro, both complexes independently form diffusive attachments to the microtubule lattice and track with disassembling microtubule tips, although the Ndc80 complex requires artificial oligomerization to tip track (Westermann et al., 2006; Gestaut et al., 2008; Powers et al., 2009) . The Dam1 complex also tracks robustly with poly merizing microtubules in vitro (Asbury et al., 2006; see Lampert et al. in this issue) . When attached to beads, each complex forms loadbearing attachments to dynamic microtubule tips (Asbury et al., 2006; Franck et al., 2007; Grishchuk et al., 2008a,b; Powers et al., 2009) . Despite these similarities, the Ndc80 and Dam1 complexes are not redundant. The Ndc80 complex is required in vivo for attachment to microtubules (KlineSmith et al., 2005) , and the Dam1 complex is required for attaching to the tips of microtubules and for establishing biorientation (Tanaka et al., 2005; Shimogawa et al., 2006) . Moreover, the Ndc80 complex is required for the assembly of Dam1 complex onto the kinetochore , and an interaction between the two complexes has been suggested by localization and twohybrid studies (Shang et al., 2003; Joglekar et al., 2009) . Studying the combination of Ndc80 and Dam1 complexes in vitro will allow us to dissect their distinct roles in kinetochore-microtubule binding.
Kinetochores not only serve as physical bridges between chromosomes and spindle microtubules but are also regula tory hubs that ensure chromosome segregation fidelity during mitosis. For example, aurora B kinase is responsible for reset ting aberrant kinetochore-microtubule attachments to achieve biorientation (Cheeseman et al., 2002; Tanaka et al., 2002; Hauf et al., 2003; Pinsky et al., 2006) . Many of the microtubule binding components of the kinetochore, including the Ndc80 and Dam1 complexes, are targets of aurora B (Cheeseman et al., 2002 (Cheeseman et al., , 2006 Shang et al., 2003; DeLuca et al., 2006; Pinsky et al., 2006; Gestaut et al., 2008) . In mammalian cells, aurora B phosphorylation of the Nterminal tail of the Ndc80 protein (Hec1 in humans) abolishes kinetochore-microtubule attach ment (DeLuca et al., 2006; Guimaraes et al., 2008) . Although the budding yeast Ndc80 protein also has an Nterminal tail, it is not essential (Akiyoshi et al., 2009; Kemmler et al., 2009 ). Previously, we demonstrated that phosphorylation by the yeast aurora B homologue Ipl1 at one target site within the Dam1 complex, Ser20 of Dam1, reduces its affinity for the micro tubule lattice (Gestaut et al., 2008) . Twohybrid assays and pull downs with in vitro-translated proteins using phosphomimetic mutations at Ipl1 target sites in Dam1 also suggested that phos phorylation of the Dam1 complex modulates its interaction with the Ndc80 complex (Shang et al., 2003) . Moreover, Ipl1 target sites on Dam1 are dephosphorylated as cells enter metaphase in a cohesindependent manner, which could prevent kinetochoremicrotubule attachment turnover as biorientation is established (Keating et al., 2009) .
In this study, we show that the Dam1 complex is a phosphoregulated processivity factor for the Ndc80 complex which is similar to the rates reported previously (Westermann et al., 2006; Gestaut et al., 2008) . However, at 20 and 50 pM Dam1 complex, we observed slowly diffusing spots that ex hibited fluorescence brighter than individual Dam1 complexes. To maintain single molecule resolution for quantifying the dif fusion of Dam1 complex at higher concentrations, we mixed untagged Dam1 complex with a small amount of GFPtagged Dam1 complex. At 500 pM, Dam1 complex diffused at least 60fold more slowly than at 2 pM (Fig. S3 B) . These ob servations indicate that oligomerization of the Dam1 complex slows its diffusion rate, as reported previously (Grishchuk et al., 2008a) . Moreover, they imply that the enhanced binding of Ndc80 complex to microtubules that we have quantified here (Fig. 1 , C-E) occurs via interaction with Dam1 complexes that are primarily in an oligomeric state.
In vitro, the Dam1 complex forms rings of 16-25 com plexes that encircle microtubules (Miranda et al., 2007; Wang et al., 2007) . To investigate whether rings are important for across concentrations of the Dam1 complex, demonstrating that oligomerization of the Ndc80 complex did not contribute to its modified behavior in the presence of the Dam1 complex (Fig. 2) . Even at 500 pM Dam1 complex, not all Ndc80 complexes bound persistently and diffused slowly. This indicates that not all Ndc80 complexes were associated with Dam1 complexes, so our calcu lated values describe a mixed population and likely underestimate Dam1 complex-mediated enhancement of Ndc80 complexmicrotubule interactions.
In the presence of the Dam1 complex, diffusion of the Ndc80 complex is slowed far below the reported rate for a single Dam1 complex (Gestaut et al., 2008) . Therefore, we hypoth esized that at the concentrations required to observe significant changes in the population behavior of the Ndc80 complex, the Dam1 complex forms slowly diffusing oligomers. To test this, we measured the diffusion rate of GFPtagged Dam1 complex on microtubules (Fig. S3, A reductions in tubulin concentration were impractical because the microtubules became too sparse on the EM grids. Because the effective concentration of tubulin polymer in our TIRF assays was lower still (1 nM), it remains possible that Dam1 complex rings contributed to the observed alterations in behav ior of the Ndc80 complex. However, we note that two observa tions suggest that ring formation is not required for the initial interaction between the Ndc80 and Dam1 complexes. First, the Dam1 and Ndc80 complexes interact during velocity sedi mentation, where the Dam1 complex is primarily in dimeric form (Fig. S1 ). Second, interactions between individual Ndc80 and Dam1 complexes can be observed directly in TIRF assays (albeit rarely; Fig. S2 ).
The Dam1 complex enhances attachment of the Ndc80 complex to dynamic microtubule tips
The Ndc80 complex has been shown to track efficiently with disassembling microtubule tips in vitro, but only when it is bound to beads or to antibodies (Powers et al., 2009 ). In con trast, the Dam1 complex tracks robustly with disassembling tips without artificial oligomerization (Westermann et al., 2006; Gestaut et al., 2008 ). Therefore, we tested whether the Dam1 complex enhances tip tracking by the Ndc80 complex. We grew microtubules from nonhydrolyzable GMPCPP seeds in the presence of free fluorescentlabeled tubulin and GTP. We visualized the behavior of GFPtagged Ndc80 complex as microtubules disassembled after the free tubulin was removed. By itself, the Ndc80 complex localized only briefly to micro tubule tips during disassembly (Fig. 4 A) . Most binding events were transient and diffusive, which is similar to those seen on taxolstabilized microtubules (Powers et al., 2009 ). In con trast, the addition of Dam1 complex, which accumulates at the disassembling microtubule tip (Fig. S3 C) , substantially in creased the tip tracking behavior of the Ndc80 complex (Fig. 4 A) . Ndc80 complexes bound preferentially at the micro tubule tip were more persistently attached and moved with the disassembling tip. For quantification, we defined tip tracking as the colocaliza tion of GFPtagged Ndc80 complex with disassembling micro tubule tips. In the presence of Dam1 complex, Ndc80 complex tracked with 78% (62/80) of disassembling microtubule tips over a mean distance of 1.2 ± 0.2 µm compared with only 27% (19/71) of tips over a mean distance of 0.13 ± 0.09 µm in the absence of Dam1 complex (Fig. 4 B) . In the presence of the Dam1 complex, tip tracking events by the Ndc80 complex often continued until the tips reached the microtubule seeds. Therefore, we likely under estimate the effect of the Dam1 complex to enhance the ability of the Ndc80 complex to track disassembling tips.
We then used an optical trappingbased force clamp (Asbury et al., 2006; Franck et al., 2007 Franck et al., , 2010 Powers et al., 2009 ) to test whether the Dam1 complex enhances the tiptracking ability of Ndc80 complex while under load. We attached beads decorated with Ndc80 complex to the tips of assembling micro tubules in the presence and absence of free Dam1 complex. We applied constant tensile force until the attachment broke, the microtubule switched to disassembly, or, in a few cases, the interaction with the Ndc80 complex, we used negativestain EM to quantify ring formation on taxolstabilized microtubules (at 36 nM tubulin) across a range of Dam1 concentrations (Fig. 3) . At 500 pM Dam1 complex, the highest concentration used in our TIRF assays, rings were absent. Instead, we observed small parti cles scattered around or attached to the filaments. The dimensions of these particles were consistent with Dam1 complex dimers (Wang et al., 2007) . Rings first appear on microtubules at 1 nM Dam1 complex, substantially increase in density between 5 and 10 nM, and saturate at 100 nM (Table I) . These findings are consis tent with a strong and cooperative binding of the Dam1 complex to microtubules, as reported previously (Gestaut et al., 2008) .
Although 500 pM Dam1 complex did not assemble into rings on microtubules at 36 nM tubulin, reducing the amount of tubulin could promote ring formation by increasing the den sity of Dam1 complex bound to microtubules. To explore the magnitude of this effect, we imaged 500 pM Dam1 complex on microtubules at fivefold lower tubulin (7 nM). Rings were again absent (n = 8 microtubules; 101 µm total). Further . Dotted lines show Gaussian fits used to determine mean values ± SD. These values are similar to the mean brightness from rare single-bleach steps of GFP-tagged Ndc80 complex (9,300 ± 3,200 au; n = 11). For clarity, green, blue, and black histograms are offset vertically by 120, 240, and 360 counts, respectively.
We also developed a force ramp assay to test the cou pling performance of beadbound Ndc80 complex across a broader range of forces on both assembling and disassembling microtubule tips (Franck et al., 2010) . After an initial preload period at 1 pN constant force, we gradually increased the force on a tipattached bead at a constant rate (0.25 pN × s 1 ) until the bead detached from the microtubule tip, the load limit of the trap (10-12 pN) was reached, or, in the case of disas sembling filaments, the microtubule switched from shortening to growth (Fig. 6) . The maximum force achieved before any one of these termination points was recorded for each event. Without Dam1 complex present, all events recorded during microtubule assembly ended in detachment. Most events dur ing disassembly also ended in detachment (93/96), but a few ended with a shortening to growth transition (2/96) or when the trap load limit was reached (1/96). The resulting maximum forces were distributed narrowly, with means of 2.7 ± 0.1 pN (n = 101) during assembly and 2.7 ± 0.1 pN (n = 96) during disassembly (Fig. 6, E and F) . The addition of Dam1 complex event was terminated by other causes (e.g., the bead became stuck to the coverslip). In the absence of Dam1 complex, bead bound Ndc80 complex formed persistent loadbearing attach ments to assembling and disassembling microtubule tips (Fig. 5 ) as reported previously (Powers et al., 2009 ). While bearing 1.8 ± 0.4 pN (mean ± SD) of continuous load, travel distances dur ing assembly were broadly distributed with a mean of 350 nm (n = 115). Detachment from assembling tips occurred at a rate of 0.026 ± 0.003 s 1 (Fig. 5 B) . To mimic the likely arrangement in vivo, we added free Dam1 complex lacking an affinity tag so that it interacted with the beads only via its interaction with Ndc80 complex (i.e., direct Dam1 complex-bead interactions were prevented; see Materials and methods). In the presence of the Dam1 complex, the mean travel distance increased threefold to 1,100 nm (n = 42; P = 3 × 10 8 by KolmogorovSmirnov test), and the detachment rate decreased fivefold to 0.005 ± 0.0008 s 1 (Fig. 5 B) . Accordingly, plots of survival probability versus distance show that the couplers remained more persistently at tached when Dam1 complex was present (Fig. 5 C) . Table I ) and plotted against the total concentration of Dam1 complex. Error bars represent counting uncertainties. with disassembling microtubule tips and is less diffusive at high concentrations, as expected for oligomers (Fig. S3 ). Phosphory lated S20A Dam1 complex also slows the disassembly of micro tubules, as reported for wildtype Dam1 complex (Westermann et al., 2006; Franck et al., 2007; Grishchuk et al., 2008a) .
In the presence of unphosphorylated S20A Dam1 com plex, diffusion of the Ndc80 complex on microtubules is slowed, dissociation rate constant is decreased, and tip tracking is enhanced, as described for the wildtype Dam1 complex (Fig. 7) . However, Ipl1 phosphorylation of the S20A Dam1 complex abolished the ability of Dam1 complex to slow the diffusion and decrease the dissociation rate constant of the Ndc80 com plex (Fig. 7, B and C) . Moreover, phosphorylated S20A Dam1 complex did not enhance the tiptracking ability of the Ndc80 complex (Fig. 7 D) . Control experiments were performed to ensure that after the initial Ipl1 phosphorylation reaction with the S20A Dam1 complex, residual Ipl1 activity was negligible (see Materials and methods; Fig. S5 ). Furthermore, the 10 pro teins of the Dam1 complex do not dissociate from one another when the complex is phosphorylated by Ipl1 (Fig. S4 C) . Because phosphorylation of the S20A Dam1 complex does not alter the behavior of the Dam1 complex alone but abolishes its abil ity to change the behavior of the Ndc80 complex, we conclude that Ipl1 phosphorylation of the Dam1 complex inhibits its interaction with the Ndc80 complex.
Discussion
The Dam1 complex acts as a processivity factor for the Ndc80 complex Many molecular machines require factors that enhance their processivity. For example, the proliferating cell nuclear antigen sliding clamp is required for efficient DNA replication by DNA polymerase (Kelman, 1997) . Likewise, dynactin is required for longdistance movement of cytoplasmic dynein along micro tubules (King and Schroer, 2000) . Kinetochores are processive and form persistent attachments to dynamic microtubule tips over the times and distances required for chromosome biorien tation and segregation. However, the contribution of individual resulted in a clear improvement in the loadbearing capacity of the Ndc80 complex-coated beads. Most events recorded during assembly ended in detachment (112/131), but some persisted until the trap load limit was reached (19/131). Of the events recorded during disassembly, only about half ended in detach ment (43/92). The remainder terminated when the microtubule switched to assembly (43/92), or, in a few cases, when the load limit was reached (6/92). The high frequency of shortening to growth transitions indicates that tension applied through link ages composed of both Ndc80 and Dam1 complexes promotes microtubule rescue, a phenomenon we saw previously using beadbound Dam1 complex alone (Franck et al., 2007) . The re sulting maximum forces were distributed broadly with means of 5.2 ± 0.2 pN during assembly (n = 131) and 4.4 ± 0.2 pN during disassembly (n = 92), values that are twofold higher than in the absence of Dam1 complex (assembly, P < 1 × 10 8 ; disassembly, P = 1 × 10 8 ). These observations, together with the force clamp results, show that interactions between Dam1 and Ndc80 complexes enhance coupling to both assembling and disassembling microtubule tips under load. This enhance ment persists across a range of loads (up to 10 pN), and it occurs under conditions in which the entire load is ultimately trans mitted to the cargo through the Ndc80 complex.
Ipl1 phosphorylation regulates the interaction between Ndc80 and
Dam1 complexes
We asked whether Ipl1 phosphorylation of the Dam1 complex regulates its interaction with the Ndc80 complex on micro tubules. Phosphorylation of Ser20 on the Dam1 protein weakens the interaction of the Dam1 complex with microtubules (Gestaut et al., 2008) . To determine how phosphorylation at sites other than Ser20 affects the interaction between the Dam1 and Ndc80 complexes, we used a modified Dam1 complex with a Ser20 to Ala mutation (S20A). With the S20A substitution, the Dam1 complex interacts with microtubules in a manner that is indistinguishable from the wildtype complex except that the interaction is insensitive to Ipl1 phosphorylation (Fig. S4,  A and B) . The phosphorylated S20A Dam1 complex also tracks In vivo, the Ndc80 complex forms lateral attachments to spindle microtubules before kinetochore association of Dam1 complex and biorientation (Tanaka et al., 2005; Shimogawa et al., 2006) . Our results are consistent with a model in which the Ndc80 complex initially mediates kinetochore attachment to micro tubules. The Dam1 complex is later loaded onto the kinetochore to maintain attachment to dynamic microtubule tips. Association of the Dam1 complex is particularly important for these attach ments to withstand the tensile forces required for biorientation. components to the processivity of kinetochore-microtubule attachments is poorly understood. In this study, we show that the Dam1 complex enables the Ndc80 complex to track with disassembling microtubule tips over distances in excess of the length of the entire yeast spindle. We also show that the Dam1 complex strengthens the attachment of the Ndc80 complex to dynamic microtubule tips. In vivo, assembly of the Dam1 com plex onto the kinetochore requires the Ndc80 complex . In our optical trap experiments, beadbound Ndc80 complex was assayed with the Dam1 complex free in solution to mimic this arrangement in vitro. The increased ability of bead bound Ndc80 complexes to bear load in the presence of free Dam1 complex indicates that tensile force can be transmitted through an Ndc80 complex-based linkage in a physiologically relevant arrangement.
We propose that the Dam1 complex acts as a processivity factor for the Ndc80 complex and that the two complexes cooper ate to form loadbearing kinetochore-microtubule attachments. The survival probability is the number of events that persisted beyond a given distance divided by the total number of events. The existence of a distinct and separable processivity factor also provides a point of regulation for corrective detachment.
A mechanism for aurora B-mediated corrective detachment
The regulatory mechanism that ensures chromosome biorienta tion has been proposed to respond to the level of tensile force on the kinetochore (Kelly and Funabiki, 2009) . When kineto chores make attachments that generate little tension, such as monotelic or syntelic attachments, progression to anaphase is blocked. Key to this regulation, the conserved aurora B kinase is responsible for the release of aberrant kinetochore-microtubule attachments (Biggins et al., 1999; Tanaka et al., 2002; Hauf et al., 2003; Pinsky et al., 2006) . We showed previously that phosphorylation by the yeast aurora B kinase Ipl1 at Ser20 of Dam1 decreases the affinity of the Dam1 complex for the micro tubule lattice (Gestaut et al., 2008) . We show in this study that Ipl1 phosphorylation of the Dam1 complex at sites other than Ser20 weakens its interaction with the Ndc80 complex. Collec tively, these observations suggest that Ipl1 phosphorylation of the Dam1 complex promotes corrective detachment of kineto chores via two distinct mechanisms, decreasing the affinity of the Dam1 complex for both the Ndc80 complex and for micro tubules. Regulation by aurora B kinase is a conserved feature of kinetochore function in all eukaryotes. Therefore, we propose that regulation at both the kinetochore-microtubule interface and between components of the kinetochore itself will extend to mechanisms of corrective detachment in higher eukaryotes.
Materials and methods
Protein expression and purification
The S. cerevisiae Ndc80 and Dam1 complexes were expressed from polycistronic vectors in E. coli as described previously (Wei et al., 2005; Gestaut et al., 2008 Gestaut et al., , 2010 Powers et al., 2009 ). For TIRF microscopy, the Ndc80 complex Nuf2 subunit was tagged with GFP, and the Dam1 complex Dad1 subunit was tagged with GFP or mCherry. Complexes were purified by affinity chromatography and gel filtration as previously described (Asbury et al., 2006; Franck et al., 2007; Gestaut et al., 2008; Powers et al., 2009) .
For optical trap bead assays, a tobacco etch virus (TEV) cleavage site was inserted adjacent to the His 6 affinity tag within the GFP-tagged Dam1 complex. The complex was purified by affinity chromatography and gel filtration as previously described (Gestaut et al., 2008) . The cleavage reaction was performed in 50 mM phosphate buffer and 350 mM NaCl, pH 6.9, with 1 mM DTT, 0.5 mM EDTA, and recombinant TEV protease for versus time were generated in Igor Pro. A weighted linear fit was used to calculate the one-dimensional diffusion constant, D, of GFP-tagged complexes on microtubules.
To quantify Ndc80 complex tip tracking, brightness profiles along disassembling tips were created in Labview. Fluorescent signals at the tips were averaged across seven frames (0.7 s), and we required a minimum intensity threshold of 20% above background to score a tip-tracking event.
For each individual frame, the instantaneous depolymerization rate was calculated as the change in tip position over 50 frames (5 s). A microtubule disassembly event was defined to start at the first appearance of GFPtagged Ndc80 complex at the tip and to end when the rate of depolymerization dropped <0.03 µm × s 1 . Microtubule tips without tracking as defined by this criterion were omitted from further analysis. The total tracking distance for each individual tip was determined, and the mean tracking distance per depolymerization event was calculated.
To quantify binding to microtubules, we created brightness profiles of 500 pM mCherry-tagged Dam1 complex using our TIRF assay. After a 5-min incubation with taxol-stabilized microtubules, an image was recorded (six or seven images per condition). For each microtubule in the image, the integrated intensity of mCherry was measured in ImageJ (National Institutes of Health), and the brightness per unit length was calculated. Brightness per unit length values were averaged across all microtubules within one image and reported as means from multiple images.
EM
Taxol-stabilized microtubules were made by polymerizing cleared tubulin in a total volume of 40 µl BRB80 containing 1.75 mM GTP, 1 mM MgCl 2 , and 3.5% DMSO at 37°C for 30 min. Various concentrations of Dam1 complex were mixed with taxol-stabilized microtubules to a final concentration of 36 nM tubulin in BRB80 containing 10 µM taxol and incubated for 15 min. Samples were prepared for analysis by EM as follows: carbon-coated copper grids were positively charged in a glow discharge device (Electron Microscopy Sciences) for 2 min. A 2-µl drop of sample was applied onto a freshly discharged grid and incubated for 20 s. Excess solution was blotted off, and the grid was washed twice with water and once with 0.075% uranyl formate before staining with uranyl formate. The stain was blotted off, and the grid was air dried. The preparations were viewed on a transmission electron microscope (Spirit T12; FEI) operating at 120 kV, and images were recorded on a 1,000 × 1,000 bottom-mount slow-scan charge-coupled device camera (Gatan) at a nominal magnification of either 15,000 or 52,000× at the specimen level. For each preparation, the total number of Dam1 complex rings on microtubules was counted and divided by the total length of microtubules to generate a mean number of Dam1 complex rings per microtubule micron. In control experiments performed in the presence of blocking proteins (8 mg × ml 1 BSA and 0.02 mg × ml 1 -casein), rings were still absent at 500 pM Dam1 complex.
Optical trap instrumentation and bead preparation Our optical trap has been described previously (Franck et al., 2007 (Franck et al., , 2010 Powers et al., 2009 ). The instrument is built around an inverted microscope (TE2000; Nikon) equipped for video-enhanced differential interference contrast imaging. Custom-mounted optics direct the infrared trapping laser (J20-BL10-106Q; Spectra Physics) through a 100× 1.4 NA oil infrared Plan Apochromat objective lens (CFI; Nikon), through a high NA oil immersion condenser, and onto a position-sensitive detector. During force clamp experiments, a computer feedback-controlled piezo specimen stage (P-517.3CL; Physik Instrumente) was programmed (Labview) to maintain a fixed offset between the tip-attached bead and the trap center by moving to accommodate changes in microtubule length, thereby keeping the tensile force constant. During force ramp experiments, the bead trap separation was increased at a fixed rate, 0.25 pN × s 1 , up to a preset maximum of 10-12 pN (just below the escape force of the trap). For both force ramp and force clamp experiments, the stage position was updated and stored to disk at 50 Hz. Bead trap separation was sampled at 40 kHz but decimated to 200 Hz for storage.
Beads were prepared as previously described (Powers et al., 2009 ). Ndc80 complex was linked to 0.44-µm-diameter streptavidin-coated beads (Spherotech) with biotinylated His 5 antibody (QIAGEN). Ndc80 complex was diluted to 13-15 nM in BB80 with 1 mM DTT and incubated with 6 pM beads at 4°C for 90 min. In some experiments, recombinant His 6 -tagged GFP was used as a blocking agent. In this case, Ndc80 complex was diluted to 30 nM in BB80 with 1 mM DTT and incubated with 12 pM beads at 4°C for 90 min. These beads were mixed 1:1 with 6 µM GFP and incubated for an additional 30 min before use. The amount of complex per bead and the final bead concentration was the same in both protocols. Both protocols yielded a molar ratio of Ndc80 complexes to 2 h at 4°C. TEV-cleaved Dam1 complex was isolated by gel filtration, and cleavage was verified by immunoblot analysis.
Phosphorylation of the Dam1 complex
Dam1 complex was phosphorylated with purified GST-Ipl1 and GST-Sli15 as described previously (Gestaut et al., 2008) . The 50 µl reaction contained 4 µM GFP-or mCherry-tagged S20A Dam1 complex, 0.5 µM GST-Ipl1, 0.5 µM GST-Sli15 (residues 554-698), 200 mM NaCl, 10 mM ATP, 25 mM MgCl 2 , and 50 mM Hepes buffer, pH 7.2. Reactions were incubated at 30°C for 90 min. Control reactions lacked GST-Ipl1 and GST-Sli15. Control reactions lacking ATP were also performed and gave similar results as previously reported (Gestaut et al., 2008) . Ipl1 activity was not eliminated after the phosphorylation reaction. Therefore, to ensure that residual Ipl1 from the reaction did not affect our assays, we performed mock phosphorylation reactions using BSA in place of the Dam1 complex. The components of this mock reaction had no effect on the diffusion and dissociation rate constants of the Ndc80 complex either in the absence or presence of the Dam1 complex (Fig. S5) .
TIRF microscopy A custom TIRF illumination system was constructed for simultaneous excitation of Alexa Fluor 647 and GFP (Gestaut et al., 2008 Powers et al., 2009) . Total internal reflection of a far-red laser (FTEC-635-0-25-PFQ; Blue Sky Research) and a blue laser (Sapphire 488-75; Coherent) was achieved using a through the objective arrangement with a 100× 1.4 NA Plan Apochromat lens (CFI; Nikon). Images from the far-red and green channels were projected side by side onto a cooled EM charge-coupled device camera (iXon 887-BI; Andor Technology).
A custom flow cell construction method was used (Gestaut et al., 2008 Powers et al., 2009) . Glass slides (Gold Seal) were drilled with two holes along the short axis. Double-sided sticky tape (Scotch) was placed on either side of the holes to produce the walls of the flow channel. Silanized coverslips (Corning) were pressed firmly onto the tape, and the ends of the channel were sealed with vacuum grease. To draw fluid through the channel, a peristaltic pump was used via a custom adaptor attached above one of the holes on the glass slide with adhesive transfer tape (3M).
Flow cells were washed with three 100 µl vol dH 2 O. To bind taxolstabilized microtubules, we flowed in a modified "rigor" kinesin (G234A) lacking motor activity (Rice et al., 1999) diluted in BRB80 containing 8 mg × ml 1 BSA (BB80). Flow cells were washed with two 50 µl vol BB80, the second of which contained 10 µM taxol (BB80T). Alexa Fluor 647-labeled microtubules were diluted in BB80T and incubated in flow cells for 5 min. Flow cells were washed with two 50 µl vol BB80T. Proteins were then introduced, diluted in BB80T containing 0.02-0.1 mg × ml 1 -casein, 200 µg × ml 1 glucose oxidase, 35 µg × ml 1 catalase, 25 mM glucose, and 5 mM DTT. When assayed in combination, Ndc80 and Dam1 complexes were premixed before their introduction into flow cells. After flowing in the protein mixture, 2,000-frame videos were taken at 10 frames per second with iXon software (Andor Technology). All assays were performed at 26°C.
For disassembling microtubule assays, "rigor" kinesin was bound to flow cells and washed with 50 µl BB80 followed by 50 µl BB80 containing 0.1 mg ml 1 -casein and 1 mM GTP (growth buffer [GB] ). Alexa Fluor 647-labeled GMPCPP microtubule seeds were bound and washed with two 50 µl vol GB. Microtubules were grown by incubating for 15 min in GB containing 2 mg × ml 1 tubulin (1:100; Alexa Fluor 647 labeled), 200 µg × ml 1 glucose oxidase, 35 µg ml 1 catalase, 25 mM glucose, and 5 mM DTT. Microtubule depolymerization was induced by buffer exchange removing free tubulin and simultaneously introducing proteins diluted in BB80 containing 0.1 mg × ml 1 -casein, 200 µg × ml 1 glucose oxidase, 35 µg × ml 1 catalase, 25 mM glucose, and 5 mM DTT. Videos were started concomitantly with induction of depolymerization and taken at 10 frames per second for 2,000 frames.
TIRF microscopy data analysis Software analysis of TIRF microscopy data was performed using Labview (National Instruments) as previously described (Gestaut et al., 2008 Powers et al., 2009) . The software generated the position and brightness of individual GFP-tagged complexes on microtubules over time. Custom Igor Pro (WaveMetrics) programs were used to generate histograms of Ndc80 complex residence times on microtubules. A weighted single exponential fit was applied to determine the mean residence time, , and to calculate the dissociation rate constant, k off = 
1
. Association rate constants, k on , were estimated as the number of observed Ndc80 complex-binding events per tubulin dimer per second divided by the free concentration of Ndc80 complex. Standard diffusion plots of mean-squared displacement beads of 2,200-2,500. Based on simple geometric considerations (Powers et al., 2009) , we estimate that <100 Ndc80 complexes could simultaneously interact with the filament. The Ndc80 complex/bead ratio was chosen to create tip attachments of moderate strength, so the full force range of the optical trap could be used to assess the contribution of Dam1 complex to the Ndc80 complex-based attachments. Results obtained with and without the GFP block were statistically indistinguishable (Ndc80 complex during assembly, P = 0.3010; Ndc80 complex during disassembly, P = 0.5518; Ndc80 complex + Dam1 complex during assembly, P = 0.1663; Ndc80 complex + Dam1 complex during disassembly, P = 0.8597), so they were pooled and analyzed together.
Optical trap bead assays, data collection, and analysis Flow chambers were constructed and functionalized as previously described (Powers et al., 2009; Franck et al., 2010) . In brief, two lengths of doublesided sticky tape (Scotch) were placed across the width of a microscope slide (Gold Seal) to form an inverted chamber of 2-3-mm width. A cleaned coverslip (Corning) longer than the slide width was pressed firmly onto the tape to form the chamber bottom, the overhanging edges acting as reservoirs for pipetting and aspirating solutions through the chamber. The chamber was functionalized by introducing 1 vol 1 mg × ml 1 biotinylated BSA (Vector Laboratories) and incubating for >10 min at room temperature. The chamber was washed with 20 vol BRB80 followed by 20 vol 0.33 mg × ml 1 avidin DN (Vector Laboratories). After a second wash with 20 vol BRB80, stable biotinylated microtubule seeds were introduced and washed with a growth and blocking buffer, BRB80 containing 1 mM GTP, 2 mg × ml 1 -casein, and 2% pluronic F-187. Subsequently, we introduced Ndc80 complex-coated beads that were diluted eightfold into GB, BB80 containing 1 mM GTP, 1.4 mg × ml 1 tubulin, 1 mM DTT, 250 µg × ml 1 glucose oxidase, 30 µg × ml 1 catalase, and 4.5 µg × ml
glucose. In assays with Dam1 complex, His 6 -cleaved GFP-tagged Dam1 complex was used at a final concentration of 9-15 nM and added to the bead mixture just before introduction into the flow chamber. Microtubule disassembly events either occurred by a spontaneous switch from assembly to disassembly or were induced by laser scission (Franck et al., 2010) . All trap assays were performed at 26°C. Records of bead position versus time were analyzed using custom software written in Igor Pro. Periods of microtubule assembly and disassembly were visually identified in the records. Detachments were scored when the force on a bead under load suddenly dropped to zero and the stage exhibited open-loop ("run away") movement. The maximum force was taken as the mean of the final 10 data points before event termination (detachment or microtubule assembly/disassembly state switching). The survival probability was calculated by dividing the number of events that persisted beyond a given distance by the total number of events.
A bead-microtubule-binding assay was used to verify that His 6 -cleaved GFP-tagged Dam1 complex did not bind directly to the GFP-blocked beads. Taxol-stabilized microtubules were introduced into a flow chamber and given 1 min to adhere nonspecifically to the coverslip. After a wash and 10-min incubation with surface block (BRB80 with 2 mg × ml 1 -casein and 10 µM taxol), free beads were introduced. After waiting 10 min to allow beads to bind, the number of microtubule-attached beads was counted across many fields of view (each 822 µm 2 ). Beads decorated with Ndc80 complex bound microtubules at a density of 7,800 beads × mm 2 (1,355 beads in 210 fields of view), whereas beads blocked with GFP in the presence of free Dam1 complex bound at only 24 beads × mm 2 (five beads in 250 fields of view) under identical conditions.
Online supplemental material Fig. S1 shows a weak interaction between the Ndc80 and Dam1 complexes in solution by velocity sedimentation. Fig. S2 shows kymographs of singlemolecule Ndc80 and Dam1 complexes interacting on taxol-stabilized microtubules. Fig. S3 shows that the Dam1 complex oligomerizes on microtubules and tracks with disassembling microtubule tips. This behavior is unaffected by the S20A mutation and subsequent phosphorylation by Ipl1. Fig. S4 further shows that phosphorylation of S20A Dam1 complex does not affect its microtubule binding. In addition, phosphorylation does not cause disassembly of the wild-type Dam1 complex. Fig. S5 shows that the behavior of the Ndc80 complex on microtubules is unaffected by residual components of the Dam1 complex phosphorylation reaction. Online supplemental material is available at http://www.jcb.org/cgi/content/full/ jcb.200910142/DC1.
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